The development of new methods for the β-functionalization of α,β-unsaturated carbonyl compounds has been an important subject in synthetic organic chemistry. Our group has been interested in developing new methods for the β-functionalization of α,β-unsaturated carbonyl compounds based on the phosphoniosilylation process. [1] [2] [3] In continuation of research program involving this process, we have examined the TBSOTf-assisted 4 ring-opening reactions of epoxides with ylides 2 derived from α,β-unsaturated carbonyl compounds through the phosphoniosilylation reaction 5 followed by base treatment (Scheme 1). In this examination we have observed very interesting results such that the solvent, THF, participates in the ring-opening process of epoxides with ylides 2 to provide three-component coupling products 4.
2b, 6 These results prompted us to study the possibility of three-component coupling reactions of epoxides, ylides 2, and other solvent such as tetrahydropyran (THP). We now wish to report some of the results in these studies.
At the outset, scrutinizing the whole process of threecomponent coupling of epoxides, ylides 2, and THF, 2b our first concern was whether THP is suitable as a solvent for the phosphoniosilylation reaction of enones with triphenylphosphine (Ph 3 P) and TBSOTf. To test the feasibility of the phosphonoisilylation process in THP, 2-cyclohexenone 5b was reacted with Ph 3 P and TBSOTf in THP, and was followed by deprotonation with n-BuLi at -45 o C (Scheme 2). The resulting dark brown-colored solution indicated the formation of the ylide 6b, which in turn suggested that the phosphoniosilylation reaction proceeded. The formation of the Wittig reagent 6b was further confirmed by smooth reaction with benzaldehyde.
5 With these successful test results it was next examined that THP would also participate in the ring-opening reactions of epoxides 3 with ylides 6 to provide three-component coupling products 7 and 8. Upon examining various reaction conditions using ylide 6b and 1,2-epoxybutane 3p as model substrates it was found that successful three-component coupling of 6b, 3p and THP could be achieved. When the ylide 6b was reacted with an epoxide 3p in the presence of TBSOTf in THP at the bath temperature of -78 o C and the reaction mixture was subsequently treated with triethylamine (Et 3 N), the pentyloxy group incorporated product 7bp was obtained in 65% yield (Table 1, entry 7) .
Encouraged by the success of three-component coupling using model substrates, the process was employed to various ylides and epoxides (Scheme 2). The whole procedure involves four steps: (1) phosphoniosilylation of enones 5 with Ph 3 P and TBSOTf, (2) ylide formation with n-BuLi, (3) reaction with epoxides 3 in the presence of TBSOTf and (4) desilylative elimination of Ph 3 P. Similar to other β-functionalization using the phosphoniosilylation process, 1-3 this four-step sequence is carried out in the single reaction vessel. Thus, the resulting three-component coupling products can be obtained in very efficient and practical sense. The selected results are shown in Table 1 . The formation of products TBS ethers 7 or alcohols 8, could be controlled by the choice of a desilylating agent, similar to the results in the reaction in THF.
2b Acquisition of TBS ethers 7 as products was most satisfactory with the use of Et 3 N as a desilylating reagent, compared to the use of saturated sodium bicarbonate solution in the similar process in THF. In the present process the significant degree of desilylation of TBS ethers 7 was occasionally accompanied when saturated sodium bicarbonate solution was employed. Alcohol products 8 were obtained without any difficulty by treatment of the epoxide opening reaction mixtures with HF-pyridine, similarly in the formation of alcohols 4.
2b This process works well in 2-cyclopentenone and 2-cyclohexenone series such as 5a-c. 7 With
Notes various epoxides 3p-t possessing an alkyl substituent at the 2-position, the TBS ethers 7a-c were obtained in reasonable yields (50-77%). The yields of alcohols 8a-c were slightly lower (47-60%) than those of 7a-c. In the formation of 7a-c and 8a-c no significant amounts of regioisomeric products 9-10 were obtained. The results indicate that the pentyloxy group incorporated ring-opening of these epoxides also proceed with high regioselectivities, which is well compared to those observed in the three-component reactions of ylides 2, epoxides 3 and THF (Scheme 1). 2b It is of value to note that epoxides 3s-t possessing ether or carboxy groups also attend the process very well (entries 4, 5, 9, and 11). With a cyclic epoxide 5u (entry 6) the coupling reaction proceeded as well. To test the applicability of this process the reaction sequence was also employed to acyclic enones such as 3-buten-2-one and trans-3-nonen-2-one and α,β-unsaturated lactones such as 5,6-dihydro-2H-pyran-2-one (1, Y = O and n = 2). However, the results were rather disappointing. Either no significant amounts or poor yields of products were obtained. It is interesting to note that the rate of threecomponent coupling in THP is much slower than that in THF. When the sequence of reactions was carried out, using 5b and 3p as substrates, in 1:1 mixture of THF and THP, the butyloxy group incorporated product 4 (X= CH 2 , n = 2, PG = TBS) was obtained exclusively.
In summary, reactions of ylides 6, derived from the phosphoniosilylation products of enones, with epoxides in the presence of TBSOTf in THP proceed with incorporation of the pentyloxy group to give three-component products 7 and 8. The results illustrate further unusual example that a reaction solvent, THP participates in the ring-opening process of epoxides with ylides 6. Furthermore, the whole process provides a new entry to β-fuctionalization of enones.
Experimental Section 3-{5-[2-(tert-Butyldimethylsilanyloxy)-3-phenylpropoxy]-pentyl}-cyclopent-2-enone (7aq, entry 2, general procedure). To a solution of triphenylphosphine (144 mg, 0.55 mmol) in tetrahydropyran 8 (2.0 mL) were added TBSOTf (126 μL, 0.55 mmol) and 2-cyclopenten-1-one 5a (42 μL, 0.50 mmol). After being stirred at room temperature for 1.5 h, the reaction mixture was cooled to −45 o C and n-butyllithium (419 μL, 1.55 M in hexanes, 0.65 mmol) was added dropwise to give a dark brown-colored solution. After the mixture being stirred for 1 h, (2,3-epoxypropyl)benzene 3q (132 μL, 1.00 mmol) and TBSOTf (230 μL, 1.00 mmol) were added dropwise at −78 o C (bath temperature). The reaction mixture was stirred for 1 h, and then water (1 mL) and triethylamine (209 μL, 1.50 mmol) were added. After being warmed to room temperature, the reaction mixture was stirred for 1 h. The usual extractive work-up and flash column chromatography (hexane:EtOAc = 5:1 → 3:1) gave 7aq (160 mg, 77%). C NMR spectra of selected compounds are provided.
